cancers. An emerging, though counterintuitive, therapeutic approach is inhibition of PP2A to drive damaged cells through the cell cycle, sensitizing them to radiation therapy. We investigated the effects of PP2A inhibition on U251 glioblastoma cells following radiation treatment in vitro and in a xenograft mouse model in vivo. Radiation therapy alone augmented PP2A activity, though this was significantly attenuated with combination LB100 treatment. LB100 treatment yielded a radiation dose enhancement factor of 1.45 and increased the rate of post-radiation mitotic catastrophe at 72 and 96 hours. Glioblastoma cells treated with combination LB100 and radiation therapy maintained increased γ-H2AX expression at 24 hours, diminishing cellular repair of radiation-induced DNA double-strand breaks. Combination therapy significantly enhanced tumor growth delay and mouse survival and decreased p53 expression 3.68-fold, compared to radiation therapy alone. LB100 treatment effectively inhibited PP2A activity and enhanced U251 glioblastoma radiosensitivity in vitro and in vivo. Combination treatment with LB100 and radiation significantly delayed tumor growth, prolonging survival. The mechanism of radiosensitization appears to be related to increased mitotic catastrophe, decreased capacity for repair of DNA double-strand breaks, and diminished p53 DNA damage response pathway activity.
Glioblastoma multiforme is the most common malignant primary brain tumor in adults and has limited treatment options. Despite modest improvements in the multimodality therapy of malignant gliomas, the overall prognosis remains poor with median survival rates of approximately 14 months and few long-term survivors (1) (2) (3) . Radiation therapy has been the mainstay of treatment along with systemic chemotherapy (2) . Further advances are needed to combat the evasion and highly resistant nature of glioblastoma to radiation and chemotherapy.
The protein phosphatase 2A (PP2A) family of serine-threonine phosphatases has been well described to play a role in many human cancers. PP2A is a tumor suppressor, and its function can be lost by inactivating mutations of structural subunits or up-regulation of cellular PP2A inhibitors (4) (5) (6) (7) . PP2A is a negative regulator of the cell cycle and inhibition of PP2A leads to abrogation of cell cycle checkpoints and acceleration of the cell cycle (8) (9) (10) . The majority of conventional oncologic therapies are cytotoxic or cytostatic and target rapidly proliferating cells.
A potential consequence of this approach however is that quiescent tumor cell populations remain relatively resistant to these therapies. Quiescent tumor cells are reported to represent a treatment resistant subpopulation that is frequently responsible for therapeutic failure and tumor recurrence (11) (12) (13) . A therapy which preferentially targets these subpopulations by accelerating the cell cycle affords a novel strategy for sensitization to ionizing radiation. Combining a DNA damaging treatment such as radiation with PP2A inhibition could enhance the sensitivity of cancer cells to these treatments and could convert quiescent and resistant tumor cells to a more sensitive phenotype. Inhibition of PP2A represents a counterintuitive but emerging paradigm of driving damaged cells through the cell cycle, inducing cell death. Quiescence in tumor cells is regulated via the nuclear co-repressor (NCOR) amongst other signaling molecules and transcription factors that are targets of PP2A (14) . LB100 is a hydrophilic small molecule inhibitor of PP2A. Previous studies have shown that administration of LB100 to tumor cells results in phosphorylation of Akt-1 and Plk-1, 4 bypassing the G2/M checkpoint and inappropriately accelerating cells to enter mitosis, leading to mitotic cell death (15) . The aim of this current study was to evaluate the effects of radiation therapy on PP2A activity and the radiation modifying effects of PP2A inhibition with LB100 on glioblastoma cells in vivo and in vitro. (East Setauket, NY) (15) . The structure of LB100 is shown the supplementary material ( Supplementary Fig. S1 ). LB100 was reconstituted in saline (1 µM), and was stored at -80ºC. MO) through analysis of 9 different short tandem repeat markers (amelogenin, CSF1PO, D13S317, D16S539, D5S818, D7S820, TH01, TPOX, and vWA). Cells were grown in DMEM (Invitrogen, Grand Island, NY) with 10% fetal bovine serum, maintained at 37°C in 5% CO 2 .
Materials and Methods

Cell
Cultures were irradiated at a dose rate of 2.28 Gy/min by a Pantak X-ray source.
2.3
In Vitro PP2A activity assay. Cultured tumor cells were plated in 175-cm 3 flasks. When the cells were 80% confluent, the media was replaced with media containing different concentrations of LB100 (2.5 µM) or an equivalent volume of vehicle 3 hours prior to 5 Gy or sham radiation. After 1 hour, the cells were washed 3 times in a 0.9% normal saline solution.
Tissue protein extraction reagent (T-PER) (Pierce Biotechnology, Rockford, IL) solution was added to the cells, and cells were prepared for protein extraction. Lysates from each treatment group containing 300-μg protein were assayed by using a Malachite Green Phosphatase assay specific for serine/threonine phosphatase activity (Ser/Thr phosphatase assay kit 1; Millipore, Billerica, MA).
2.4
In Vivo PP2A activity assay. Nude mice bearing U251 subcutaneous xenografts (methods described below) were treated with LB100 (1.5 mg/kg), radiation (4 Gy), or combination of LB100 and radiation. Mice were treated with LB100 or vehicle control 3 hours before radiation.
Animals were sacrificed 3 hours following treatment and tumors were excised for measurement of PP2A activity, assayed in the same conditions as above. 2.5 γ-H2AX ELISA. Cells were seeded in a 96-well plate for 6 hours followed by drug treatment (2 and 5 µM LB100) and irradiated 4 hours later (5 Gy) and assayed after 24 hours. A commercially available cellular histone-H2AX phosphorylation ELISA was used following manufacturer's protocol. A monoclonal antibody against Phospho-Histone H2AX (S139) was added for 1 hour at room temperature. Cells were washed and then anti-mouse IgG conjugated to HRP was added for 1 hour. HRP substrate was added for 15 minutes followed by stop solution. Assay was read at 450 nm on a spectrophotometric microplate reader.
Clonogenic assay.
Single-cell suspensions and cells were seeded into six-well tissue culture plates. Cells were allowed to attach 6 hours followed by drug treatment (2.5 µM LB100) and irradiated (5 Gy) 4 hours later with drug removed after 24 hours. Twelve days after seeding, colonies were stained with crystal violet and the number of colonies containing at least 50 cells was determined. The surviving fractions were calculated and survival curves generated after normalizing for cytotoxicity from LB100 treatment alone. 2.13 Quantitative real-time PCR. Total RNA was extracted using RNeasy mini kit (Qiagen, Venlo, Netherlands) and cDNA was synthesized using SuperScript III First-Strand Synthesis SuperMix (Invitrogen Life Technologies). RT-PCR was performed using Eco RT PCR System (Illumina, San Diego, CA) and SYBR Green Master Mix (Applied Biosystems, Foster City, CA).
Statistical analysis.
In vitro studies were subject to three independent experiments. Data is presented as mean ± SE. A two-sided Student's t test was used to compare sample means with a p value of <0.05 considered significant.
Results
Radiation increases PP2A activity in glioblastoma cells while LB100 attenuates PP2A
activity alone and following radiation.
PP2A has been shown to play a role in the ATM/ATR mediated activation of the G2/M cell cycle checkpoint following radiation-induced DNA damage (9, 18) . LB100 is a small molecule competitive inhibitor of PP2A. PP2A activity was measured in U251 cells after 2 µM 
LB100 treatment, 5 Gy radiation, and LB100 followed by 5 Gy radiation in vitro. Three and six hours after radiation alone, U251 cells showed 194% and 200% of the PP2A activity in comparison to control cells (p<0.001) (Fig. 1A) . Notably, 24 hours after radiation PP2A levels fell to 80% compared to controls but had returned to baseline at 48 hours (Supplementary Fig.   S2 ). In contrast, treatment with 2 µM LB100 reduced PP2A activity to 61% of control cells after both three and six hours of LB100 exposure. The addition of 5 Gy radiation to LB100-treated cells resulted in PP2A activity at 3 hours and 6 hours after radiation treatment of 91% and 112% compared to control cells, respectively (Fig. 1A) . LB100 effectively prevented the post-radiation increase in PP2A activity although levels were higher than LB100 treatment alone.
To assess the effect of LB100 on in vivo, nude mice bearing U251 subcutaneous xenografts were treated with LB100, radiation, or combination of LB100 and radiation. LB100 treatment resulted in a decrease of PP2A activity to 64% of baseline (p<0.05) (Fig. 1B) . PP2A activity increased 1.67 fold after 4 Gy radiation, consistent with the radiation-induced increase in PP2A activity seen previously in vitro. However, tumors treated with combination LB100 and 4
Gy showed a decrease of PP2A activity to 65% of baseline, indicating potent suppression of the radiation-induced increase in PP2A activity.
LB100 sensitizes glioblastoma cells to the effects of radiation.
To screen LB100 as a potential radiation sensitizer in several cell lines, we screened U251 glioblastoma, U87 glioblastoma, and H1915 non-small cell lung cancer (NSCLC) cells. An ELISA for γ-H2AX was performed 24 hours after radiation, as PP2A levels at this time point were no longer elevated (Supplementary Fig. S2 ). With 2 µM LB100 treatment, γ-H2AX expression was increased 147% in U87, 146% in U251, and 124% in H1915, compared to expression in untreated controls. Likewise, with 5 µM LB100 treatment, γ-H2AX expression was increased 136% in U87, 196% in U251, and 135% in H1915 cells, compared to untreated controls. These data indicated that LB100 treatment resulted in retention of γ-H2AX foci at 24 
hours after radiation in several cell lines (data not shown). For subsequent mechanistic experiments, U251 cells were used.
To assess the effects of LB100 treatment on DNA damage and repair, γ-H2AX expression was assessed by immunofluorescence in U251 cells as a measure of DNA double strand breaks at 1, 6 and 24 hours ( Fig. 2A and B) . LB100 alone caused no significant change in γ-H2AX levels. At 1 and 6 hours, cells treated with radiation or the combination of LB100 and radiation demonstrated similar significant elevations in γ-H2AX levels compared to control or LB100 alone treated cells (p<0.001). At 24 hours, γ-H2AX level had returned to near baseline in the cells treated with radiation alone; however, γ-H2AX levels were significantly higher in the cells treated with combination LB100 and radiation than cells treated with vehicle control (p=0.009), LB100 (p=0.002), or radiation alone (p=0.001). This finding at 24 hours confirmed that LB100 diminished the cellular repair of radiation induced DNA double strand breaks.
To confirm our findings, we performed immunofluorescence of rad51 foci in U251 cells to detect homologous recombinational repair of double strand breaks in DNA-damaged cells.
Compared to controls, 5 Gy radiation alone increased rad51 foci formation two-fold. Moreover, the addition of LB100 to radiation further elevated rad51 foci formation to levels 3.5 times that of the controls (Supplementary Fig. S3 ).
To determine the effects of LB100 on the radiosensitivity of U251 cells, a clonogenic assay was performed. Plating efficiency was 0.31 and treatment of U251 cells with 2.5 µM LB100 yielded a surviving fraction of 0.68 (an appropriate degree of cytotoxicity for evaluation in combination with radiation). Cells were then radiated 4 hours following LB100 treatment with drug removal at 24 hours. LB100 treatment resulted in a dose enhancement factor of 1.45 at a surviving fraction of 0.10 (Fig. 2C ). PP2A activity has been previously shown to be necessary for G2/M arrest in some cancer cell lines (9, (19) (20) (21) . Flow cytometry performed 24 hours after exposure of U251 cells to 2.5 µM LB100 showed no significant difference in the distribution of cells in G0/G1, S, G2, or M phase. However, cells treated with combination LB100 and radiation had a significantly higher proportion of cells in M phase than control cells (Fig. 3A) and exhibited a higher mitotic index measured by H3-pS10 staining (Fig. 3B) . This suggests that the radiation sensitization induced by LB100 is not due to drug-induced alterations in cell cycle distribution at the time of radiation; however, that combination therapy results in the accumulation of an increased proportion of cells in M-phase after radiation.
LB100 does not alter cellular apoptosis though augments mitotic catastrophe.
To determine if induction of apoptosis was contributing to radiosensitization in vitro, we measured apoptosis by flow cytometry 24 hours after treatment. Less than 4% of cells in all treatment groups were apoptotic, with no difference seen between untreated controls and cells treated with 2.5 µM LB100, 5 Gy, or the combination of 5 Gy and 2.5 µM LB100 (data not shown). Previous work has suggested that LB100 treatment may promote nuclear changes associated with mitotic catastrophe (15) . The number of cells in mitotic catastrophe was significantly greater in cells treated with combination LB100 and radiation than cells receiving radiation alone at 72 and 96 hours (p=0.0083 and 0.0041, respectively) ( Fig. 3C and D) .
LB100 enhances tumor growth delay after radiation.
To evaluate the benefit of combination treatment in vivo, mice bearing U251 subcutaneous xenografts were randomized into four groups: vehicle, LB100 (1.5 mg/kg), radiation alone, and combination LB100 and radiation. Treatments were administered daily Monday-Friday for three weeks for a total of 15 treatments (60 Gy cumulative radiation dose). (Fig. 4B ). These data demonstrate synergy in the combination of LB100 with radiation therapy and that combination treatment significantly enhanced tumor growth delay and survival compared to radiation alone.
LB100 attenuates p53-induced cell cycle arrest and enhances p53-independent apoptosis following radiation.
Combination LB100 and radiation enhanced G2/M phase transition and mitotic catastrophe. To gain further insight into the mechanisms underlying these effects we examined the expression of p53 in vivo. PP2A subunit B56γ forms a complex with p53 following DNA damage, leading to Thr55 dephosphorylation of p53 and subsequent inhibition of cell cycle transition and proliferation through p53 transcriptional activation and p21 synthesis (22) . Realtime quantitative PCR of U251 xenograft tissues demonstrated a 3.68-fold decrease in p53 expression in radiated mice with LB100 treatment compared to those receiving radiation alone (p53: one-way ANOVA F (3, 8) = 148.0, p < 0.0001) (Fig. 5A ). In addition, western blot analysis revealed a significant increase in the expression of cleaved caspase-3 in U251 xenograft tissues in radiated mice with LB100 treatment compared to control and LB100 or radiation alone (cleaved caspase-3: one-way ANOVA F (3, 8) = 28.17, p < 0.001) (Fig. 5B) . These results indicate that combination LB100 and radiation may inhibit B56γ (PP2A)-p53 interaction and diminish p53
DNA damage response pathway, driving cell proliferation and enhancing p53-independent apoptosis in vivo. 
Discussion
This study demonstrated LB100, a small molecule inhibitor of PP2A, enhances radiosensitivity of human glioblastoma cells in vitro and in vivo. The potential for PP2A inhibition to be an effective strategy for radiosensitization has been suggested previously, (9, 23) and radiosensitization by LB100 has been shown in pancreatic cancer and nasopharyngeal carcinoma (24, 25) . In this study, we have demonstrated that glioblastoma may also be susceptible to radiosensitization after LB100 exposure. Our findings suggest that apoptosis was not an important acute mechanism of radiosensitization of U251 cells by LB100 in vitro.
However, in vivo results demonstrated that combination LB100 and radiation suppressed p53 transcriptional activation and induced p53-independent apoptosis at 3-4 weeks following initial treatment. The discrepancy between these results was most likely due to temporal differences in tissue assessment. Nonetheless, it appears that the role of PP2A in apoptosis is actually 
quite complex due to the appreciated diversity of PP2A as it displays a mixture of pro-apoptotic and anti-apoptotic functions (26).
We further explored the effects of LB100 on cell cycle. LB100 exposure accumulated an increased percentage of cells in mitosis 24 hours after radiation treatment, which may have occurred due to several possibilities. One possibility is that PP2A inhibition resulted in abrogation of the G2/M checkpoint, allowing more cells to enter mitosis after radiation. However, our data suggested that 24 hours after 5 Gy treatment, there was minimal residual G2 arrest. An alternative possibility was that PP2A inhibition with LB100 prevented cells from exiting mitosis.
There is accumulating evidence that PP2A activity in association with subunit B55 is necessary for mitotic exit in mammalian cells and that disruption of this process through PP2A inhibition may result in mitotic catastrophe (27, 28) . Likewise, our data demonstrated induction of mitotic catastrophe as well as an increased mitotic fraction after combination therapy. However, it is unclear whether mitotic catastrophe occurred secondary to or was the cause of this increased mitotic index.
We found no initial increase in radiation induced DNA damage based on γ-H2AX levels.
However, at 24 hours after radiation, there was increased γ-H2AX foci retention as well as rad51 foci formation, suggesting LB100 inhibits homologous recombination repair of radiation induced DNA damage in U251 cells. Extension of the in vitro data to an in vivo model confirmed that LB100 could effectively inhibit PP2A and prevent radiation induced increases in PP2A activity. With daily treatment, LB100 caused minor delay in tumor growth. This finding was not unexpected based on the mechanism of action of the drug, which would suggest that it likely requires concurrent administration of a DNA damaging treatment for efficacy. We have previously demonstrated the necessity of additional genotoxic combination therapy in the study of chemosensitization in glioblastoma (15) . In our in vivo experiments, we found that animals treated with 60 Gy of fractionated radiation initially experienced significant tumor growth delay, hours. Twelve days after seeding, survival curves were generated after normalizing for the cytotoxicity generated by LB100 alone. Plating efficiency was 0.31 and treatment with LB100 yielded a surviving fraction of 0.68. The addition of LB100 to radiation resulted in a dose enhancement factor of 1.45 at a surviving fraction of 0.10. The percentage of cells in G0/G1, S, G2 and M phase of the cell cycle are depicted before and at 24 hours after radiation (5 Gy), with and without pre-exposure (for 4 hours) to LB100 treatment (2.5 µM). There was no difference in distribution of cells in G0/G1, S, or G2, but an increased number of cells in M phase (B) was seen after radiation and LB100 treatment. (C) U251 cells growing in chamber slides were exposed to LB100 (2.5 µM) for 4 hours, radiated (5 Gy), and after radiation were subjected to immunocytochemical analysis of mitotic catastrophe. 
